The isolation of 3,6,9,12-tetraazatetradecane-l,14-diam ine (linear isomer o f pentaethylene hexamine, linpen) from a technical polyamine mixture is described. In methanol, linpen acts as a hexadentate ligand tow ards cadmium ( Models for M N 6 centers in metal-polyethyleneimine (PEI) complexes are derived from the structure of [Cd(linpen)]2+. F or example, loops at the M N 6 site in molecules of linear PEI are proposed.
Introduction
Polyethyleneimine (PEI) is a water-soluble po lyamine which consists o f either linear or highly branched macromolecules depending on the m eth od of preparation [1, 2] . In the linear form only one type of functional group is present, namely the sec ondary amino group. In contrast to that, branched PEI contains primary, secondary and tertiary ni trogen atoms. A m olar ratio of 1:2.1:1.7 has re cently been determined for the three different func tional groups of a commercially available PEI (Polymin P, BASF) [3] , A characteristic property o f PEI is its ability to form soluble chelate complexes with several metal ions including cadmium (II) [4] [5] [6] [7] . Indirectly, in form ation about the metal coordination in PEI complexes should be obtainable by using appro priate low-molecular-weight amines as model li gands. We therefore studied the interaction be tween cadmium(II) and the PEI model 3,6,9,12-tetraazatetradecane-1,14-diamine (linear isomer of pentaethylenehexamine, linpen).
V erlag der Z eitschrift für N a tu rfo rsc h u n g , D -W -7400 T übingen 0 9 3 2 -0 7 7 6 /9 2 /0 6 0 0 -0 8 2 9 /$ 01.00/0 So far, [Co(linpen)]3+ is the only linpen complex whose X-ray structure has been determined [8] . The cobalt(III) ion is bonded to six nitrogen atoms forming a slightly distorted octahedron. A much stronger distortion of the coordination polyhed ron can be expected for the analogous six-coordi nate cadmium complex [Cd(linpen)]2+ because of the considerably larger octahedral ionic radius of Cd(II) as com pared to Co(III) (0.95 vs. 0.55 Ä (low spin) [9] ). Actually, the existence of a 1:1 Cd(II)-linpen complex has been deduced from polarographic measurements in aqueous solution [10] . Therefore, the question arose whether the strongly distorted m onomeric species [Cd(linpen)]2+ or in stead other complexes with reduced geometrical distortions (dimers, polymers, solvent adducts with higher (> 6) coordination numbers) could be isolated. The results o f our study are presented in this paper.
Experimental
The following chemicals and solvents were used: 50% aqueous solution o f Cd(BF4)2 (Alfa), Cd(C104)2-6 H 20 (99%, Strem), technical pentaethylenehexamine (Aldrich), toluene-4-sulfonic acid m onohydrate (Riedel-de Haen), sodium met al (Merck), reagent-grade C d (0 2C C H 3)2-2 H 20 (> 99%, Riedel-de Haen), reagent-grade sodium tetraphenylborate (> 99.5%, Fluka), P4O 10 drying agent 'Sicapent' (Merck), m ethanol (> 99.8%, Merck), chloroform (99.0-99.4% , Kraft), and di methyl sulfoxide (> 99.5%, Riedel-de Haen). The solvents were reagent grade.
13C and ll3Cd N M R spectra were measured with a Bruker AM-300 instrument. IR spectra were ob tained on a Beckman IR-4220 spectrophotom eter. Mass spectra were recorded on a Finnigan MAT 212 instrum ent equipped with an SS 300 data sys tem. A Philips PW 1710 autom ated powder dif fractom eter system (C uK a radiation) was used to obtain the X-ray powder diffraction data. The Cd content o f Cd(BF4)2 -6 H 20 was determined by ion chrom atography. The other elemental analyses were perform ed by the M icroanalytical L aborato ry Beller, Göttingen, FR G . Analytical, spectro scopic, and X-ray powder diffraction data o f linpen and its cadmium com pounds are compiled in Table I .
Preparation o f compounds C d ( BF4) 2 ■ 6 H 20
Two flasks containing 50% aqueous solution of Cd(BF4)2 and Sicapent, respectively, were connect ed and evacuated. The solution was allowed to concentrate until the first crystals appeared that did not redissolve on shaking. The flasks were dis connected, and the solution was stored at -3 0 °C overnight. Colourless crystals o f Cd(BF4)2-6 H 20 formed which were separated from the cold m oth er liquor and dried in vacuo for 2 h. The product was identified as the hexahydrate by its Cd content and by com parison o f its X-ray powder diffraction pattern with that of the isom orphous [11] Technical pentaethylenehexamine was prepurified by column destination under reduced pres sure. The fraction passing over at 160-175 °C/0.2 m bar was collected. This product was reacted with toluene-4-sulfonic acid according to a literature m ethod to give the hexatosylate salt heptahydrate (linpenH6)(C7H 7S 0 3)6-7 H 20 [12] . After one re crystallization from water, the salt was dried and dehydrated over Sicapent in a vacuum desiccator; constant weight was reached after 7 -1 0 days. 2.07 g (90 mmol) o f sodium metal were dis solved in 250 ml of m ethanol. A 19.0 g (15.0 mmol) sample o f (linpenH6)(C7H 7S 0 3)6 was ad ded, and the resulting solution was stirred for 15 min. Subsequently, the solvent was removed by ro tary evaporation. The residue (linpen and C7H 7S 0 3Na) was kept under vacuo at 60 °C for 30 min and then extracted three times with a total of 200 ml of chloroform . The extracts were filtered and combined. Chloroform was evaporated, and the remaining product was dried to constant weight in vacuo at room tem perature, then at 50 °C, and again at room tem perature. Linpen was obtained as a light-brown liquid. In some prepara tions it was found necessary to remove suspended material from the final product by centrifugation. 
The com pound was prepared by diffusion of methanol into a solution of 1 in dimethyl sulfoxide (DMSO). Typically a 0.2 g sample of 1 was dis solved in 2 ml of DM SO, and the solution was covered with a layer of m ethanol in a test tube. After a few days, colourless com pact crystals of 2 had formed which had edge lengths up to several millimeters. The crystals were isolated on a glass filter, washed with m ethanol and dried in vacuo for a short period. They are stable in air at least for some days.
[ Cd(linpen) ] (BF4) 2 (3)
A solution o f 2.32 g (10.0 mmol) of linpen in 50 ml of m ethanol was added dropwise to a stirred so lution of 3.94 g (10.0 mmol) o f Cd(B F4)?-6 H 20 in 20 ml of m ethanol. After the reaction mixture had stood for 1 h, the precipitate was isolated on a glass filter, washed two times with small am ounts of ice-cold m ethanol and dried in vacuo. 3 was ob tained as a white crystalline powder. Yield 3.4 g (66%).
X-ray structure determinations
Suitable single crystals o f 2 and 3 were obtained by layering m ethanol over solutions of 1 and 3, re spectively, in dimethyl sulfoxide as described above for 2. The crystals were sealed into thinwalled glass capillaries and m ounted on a Siemens/ STOE AED2 automated four-circle diffractometer (M oK a radiation). Details of the routine proce dures of data collection and reduction used in our laboratory are given elsewhere [13] . N o absorption corrections were applied. Crystal data and infor mation pertaining to data collections and structure refinements are summarized in Table II. The structures were solved by direct methods with use of the structure-solution program SHELXS-86 [14] , Other com puter program s used were SHELX [15] and SCH AKAL [16] . Atomic scattering factors for spherical neutral free (all ex cept H) and bonded (H) atom s [17] were employed throughout the refinements. In the case of 2, the Table I . Analytical, spectroscopic, and X-ray powder diffraction data for linpen, [Cd(linpen)] (BPh4)2 (1) initial choice of the centrosymmetric space group C 2jc was confirmed by the successful structure re finement. The space group of 3 P2 Jn) is uniquely defined by its systematic absences.
In the final structural model of 2 the positions of all non-hydrogen atom s and of the hydrogen at oms within the ligand and the solvent molecule were refined. The H atom s of the BPh4 anion were included on idealized positions. All H atoms were given fixed U values of 0.09Ä2. All non-hydrogen atom s were refined anisotropically.
In the case of 3 the positions of all non-hydrogen atom s were refined. The H atom s were given idealized positions and fixed U values of 0.10Ä2. Except for the Cd atom and the N atoms, the non hydrogen atom s were refined isotropically. Aniso tropic refinement of the C atom s has also been tried. However, this resulted in unreasonable large N -C -C angles, probably due to disorder of the linpen ligand. Split atom positions gave unreason able bond distances. Both BF4 anions are disor dered. The severe disorder of B(2)Fj could not be described entirely satisfactory. Final atomic coor dinates for 2 and 3 are given in Tables III and IV, respectively*. The equivalent isotropic displace ment factors are defined as in ref. [18] . Their stand ard deviations were estimated by the method given in ref. [19] (equation (2) therein).
Results and Discussion

Reactions and spectroscopic properties
Commercially available 'pentaethylenehexamine' is a mixture of several com pounds [20] . The products offered by Aldrich and Fluka show very similar 13C N M R spectra with at least 22 peaks of which the four most intense ones belong to the linear isomer linpen (cf. (2) 0.1100 (2) 7.07(7) C (22) 0.1494(1) 0.5616(2) 0.1176 (2) 6.64 (7) a Equivalent isotropic displacement factor; b Occupancy 0.50; c Occupancy 0.75; d Occu pancy 0.25; a common U value was refined for F(6 B), F(7 B), and F(8 B). described in ref. [12] ) revealed the presence o f at least five components. The complete separation of linpen from its branched isomers and other accom panying substances cannot be achieved by destina tion. However, linpen can be separated as the hy drochloride [21, 22] or the per-tosylate salt [12] . But to our knowledge, the isolation and spectro scopic properties of linpen itself have not yet been reported. We have obtained the com pound by treatm ent of the per-tosylate salt with m ethanolic sodium methoxide solution, followed by separa tion from the sodium tosylate formed:
'pentaethylenehexamine'
1. column destination under reduced pressure 2. + toluene-4-sulfonic acid 3. recrystallization I 4. dehydration (linpenH6)(tosylate)6
1. + N aO C H 3 in methanol 2. removal of solvent 3. extraction with chloroform I 4. removal of solvent linpen Though the column destination is not an espe cially effective purification step, it turned out to be necessary.
W ith cadmium(II) linpen forms the 1:1 complex [Cd(linpen)]2+ which can be isolated from m ethan olic solutions as crystalline BPh4 and BF4 salts:
The salt 1 obtained by desolvation of [Cd(linpen)](BPh4)2-.YMeOH is, at least partly, microcrystalline. Its X-ray powder diffraction p at tern is still reminiscent of that of the solvate.
The direct reaction o f commercial 'pentaethylenehexamine' with C d2+ in methanol followed by addition o f NaBPh4 does also afford a crystalline BPh4 salt. However, this product contains a mix ture o f different ligands. Thus, complex formation with C d2+ is not a suitable method to purify lin pen.
M ost o f the spectroscopic properties of linpen and its cadmium com pounds 1 -3 are unexcep tional (see Table I ). W orth mentioning is the v(SO) band at 1023 cm-1 in the infrared spectrum of 2. It is lowered by 32 cm -1 compared to the position in free DM SO (1055 cm -1 [23] ). This shift can be a t tributed to hydrogen bonding involving the O atom o f the DMSO molecule and an NH group of the linpen ligand (see below).
The 113Cd N M R signal of [Cd(linpen)]2+ is ob served at 351 ppm. An almost equal value of 348 ppm has been reported for the ethylenediamine complex [Cd(en)3]2+ [24] , Apparently, neither the different angular distortion of the C dN 6 coordina tion unit nor the different number of chelate rings seems to influence the chemical shift significantly. However, the contribution of secondary amine do nors to the ll3Cd chemical shift is known to be smaller than that of primary ones [25] . Therefore, one would expect a considerably smaller value for [Cd(linpen)]2+ than for [Cd(en)3]2+. At least one ef fect m ust be operative that compensates for this chemical-shift difference caused by the different donor sets. The chelate ring size which is of crucial im portance to the chemical shift [24] is the same in both complexes. Table V show the close structural similarities between the Cd complexes in both com pounds. The complexes are depicted in Fig. 1 . Since the structure determ ination of 3 is less accu rate (see Experimental), we will essentially confine ourselves to the discussion of the structure of 2.
Description o f structures
[Cd(linpen)]2+ has a helical structure. The linpen molecule wraps around the metal ion and acts as a hexadentate ligand. This results in five 'fused' fivemembered chelate rings. The ring conformations are <5kkkS (and kööök for the enantiomer) in the case of 2, and AAAAS (and ÖÖÖÖA) for 3. The confor mational difference between the first and the fifth ring of the [Cd(linpen)]2+ complex in 3 is the only strong deviation from C2 symmetry. In 2 the com plex has crystallographically imposed C2 symme try.
The C d -N bond lengths in 2 range from 2.338(2) to 2.429(2)Ä. The mean value is 2.38 Ä. This is only slightly larger than the average C d -N bond lengths in [Cd(en)3]2+ (2.37 Ä, prim ary N a t oms as donors [26, 27] system is 2.92 Ä and is thus significantly shorter than the sum of the van der Waals radii (3.07Ä [30] , 3.14Ä [31] ). 
Relevance to m etal-PEI complexes
Metal complexes of PEI are usually water-solu ble. This indicates that no extensive crosslinking of the macromolecules by metal ions occurs. P roba bly most metal ions are attached to a single PEI molecule. This model gains support from the exist ence of the 1:1 complex [Cd(linpen)]2+ which is formed in spite of the strong distortion o f its coor dination polyhedron. A conceivable species with smaller angular distortions would be the hypothet ical dimer [Cd2(linpen)2]4+ having a double helical structure analogous to that recently found in a sexipyridine complex of cadmium [32] , Based on the structure of [Cd(linpen)]2+, models of M N 6 centers in metal-PEI complexes are pro posed (see Fig. 3 ). Perhaps the most intriguing structural features are loops induced by metal ions in linear PEI. Proving or disproving their existence may be difficult. Here, metal nucleus N M R spec troscopy seems to be one of the most promising physical methods. 
